1999). By contrast, the delivery of GluR1/GluR2 receptors is mediated by the GluR1 carboxy-terminal tail sequence, which can bind to the PDZ-domain protein SAP97 (Cai et al., 2002; Leonard et al., 1998; Sans et al., 2001) . The exact role of these PDZ-domain proteins is unclear, however. For example, mutant mice expressing a truncated version of SAP97 nevertheless still contain GluR1-containing AMPARs at synaptic sites (Klocker et al., 2002) . Moreover, it is unclear how the tail sequences of the receptor subunits and receptor subunit interactions contribute together to receptor synaptic targeting. For example, it is not clear whether the individual subunit tail sequences alone are sufficient for synaptic localization in a heterologous context.
To investigate these questions in a genetic system, we examined the GLR-1 and GLR-2 AMPA-type subunits in Caenorhabditis elegans. There are ten C. elegans genes that are similar in sequence to the mammalian glutamate receptor subunits (GLR-1 to GLR-8, and NMR-1 and NMR-2) and they are mostly expressed in interneurons (Brockie et al., 2001; Hart et al., 1995; Maricq et al., 1995) . By comparing their sequences, GLR-1 and GLR-2 were found to be the most closely related subunits to the AMPA-type glutamate receptors. Furthermore, GLR-1 and GLR-2 are expressed in overlapping sets of neurons, and they both contain a type-I PDZ-binding motif in their cytosolic tail. Mutations in GLR-1 were originally identified on the basis of a nose-touch mechanosensory defect (Brockie et al., 2001; Hart et al., 1995; Maricq et al., 1995) . Nematodes carrying a null mutation in GLR-2 also have a nose-touch mechanosensory defect, although it is weaker than that of glr-1 null mutants (Mellem et al., 2002) . GLR-1 and GLR-2 are expressed in the interneurons that govern locomotion in the animal, and are localized postsynaptically in the nerve ring (a region of proximal neurites that circumscribe the pharynx) and along the ventral nerve cord (a fascicle of distal neurites that runs anterior to posterior along the ventral midline of the body) (Brockie et al., 2001; Mellem et al., 2002; Rongo et al., 1998) . These interneurons could contain a mixture of GLR-1 and GLR-2 homomeric channels, GLR-1/GLR-2 heteromeric channels, or some combination of both.
Chimeric GLR-1 receptors tagged with the green fluorescent protein (GLR-1::GFP) can be used to visualize glutamate receptors in living animals (Rongo et al., 1998) . GLR-1::GFP is localized to synaptic clusters at neuronal synapses within the C. elegans neuropil, and GLR-1::GFP synaptic localization is dependent on Ca 2+ signaling and the PDZ protein LIN-10 ( Rongo and Kaplan, 1999; Rongo et al., 1998) . The synaptic abundance of GLR-1::GFP is regulated by the ubiquitination and subsequent endocytosis of the GLR-1 subunit (Burbea et al., 2002) . The GLR-1::GFP chimeric receptors appear to be functional as they are capable of fully rescuing a glr-1 mutant for their mechanosensory defect (Rongo and Kaplan, 1999; Rongo et al., 1998) .
Whereas we have begun to identify numerous genetic, transacting factors that regulate GLR-1 localization, we know little about the exact sequences of GLR-1 that contribute to its localization, or what role subunit interactions might play in localization. To investigate these questions, we examined the GLR-1 and GLR-2 AMPA-type subunits in nematodes using a genetic approach. We find that in the absence of their cytosolic tail sequences, GLR-1 and GLR-2 can be localized through interactions with endogenous subunits. In the absence of endogenous subunits, GLR-1 or GLR-2 are forced to form homomeric channels in vivo. In this scenario, the GLR-1 and the GLR-2 cytosolic sequences become essential for localization as homomeric channels containing cytosolic tail sequences are localized, whereas those lacking them are not. We also report that the GLR-2 tail sequence is sufficient for synaptic localization when placed into a heterologous fusion protein. We find that the PDZ-binding motif found at the end of the GLR-2 cytosolic tail sequence works together with tail sequences outside of the PDZ-binding motif to facilitate localization. Some of these sequences appear to have been conserved between vertebrate and nematode AMPAR tails.
Materials and Methods

Strains
Standard methods were used to maintain C. elegans (Wood, 1988) . Transgenic strains were isolated by microinjecting various plasmids, (typically at 80 µg/ml) together with either pJM23 in lin-15(n765ts) (kindly provided by J. Mendel, Cal Tech, Pasadena, CA) or rol-6dm (kindly provided by C. Mello, University of Massachusetts Medical School, Worcester, MA) in wild-type animals. The lin-10 (n1508) strain was used to generate transgenic animals containing TMGFP::GLR-2 (tail) and TMGFP::GLR-2(TLF→ALE) (Whitfield et al., 1999) . The glr-1 and glr-2 deletion mutant animals were generous gifts from A. Maricq (Mellem et al., 2002) . The nuIs25 strain contains integrated glr-1::gfp (Rongo et al., 1998) .
Molecular biology
The glr-1 (tailless)::gfp and glr-2 (tailless)::gfp were constructed using glr-1 and glr-2 cDNA sequences (gifts from A. Maricq, University of Utah, Salt Lake City, UT and Y. Kohara, National Institute of Genetics, Mishima, Japan) from their start codon to their predicted transmembrane domain IV region. These were inserted into pPD95.75 (a gift from A. Fire, Stanford University School of Medicine, Standford, MA) in front of and in frame with GFP sequences. The resulting chimeric sequences were then placed under the control of the glr-1 and glr-2 promoter, respectively. The glr-1::gfp (pKP196), glr-1::cfp (pKP211), and glr-2::yfp (pPB60, a gift from A. Maricq) transgenes contain GluR sequences through transmembrane domain IV, GFP sequences and the entire tail sequence for the respective receptor (Mellem et al., 2002; Rongo et al., 1998) . The tmgfp, and tmgfp::glr-2(tlf→ale) transgenes are encoded by plasmids pOR113, pOR38, pOR105.7, and pOR115, respectively. Sequences encoding the pes-10 signal peptide and transmembrane domain from pPD113.58 (a gift from A. Fire) were introduced in front of GFP sequences to generate pOR113, pOR38, pOR105.7 and pOR115. Sequences encoding the GLR-1 and GLR-2 cytosolic tail were placed after the GFP sequences to generate pOR38 and pOR105.7. The snb-1::cfp transgene is under the mec-3 promoter on the pKP228 plasmid (Rongo et al., 1998) . Further plasmid construction details are available on request.
Sequence comparisons GLR-1, GLR-2 and GluR tail sequences from various organisms were aligned by using the CLUSTALW algorithm. Caenorhabditis briggsae and Caenorhabditis remanei orthologs were identified using the Wormbase (www.wormbase.org) and the Wash. University GSC (http://genome.wustl.edu/) BLAST search engine. Other nematode orthologs were identified using the GSC Nematode.net BLAST search engine.
Fluorescent microscopy GFP-, CFP-and YFP-tagged fluorescent proteins were visualized in nematodes by mounting larvae on 2% agarose pads with 10 mM levamisole at room temperature. Fluorescent images were observed using a Zeiss Axioplan II and either a 100ϫ or 63ϫ (1.4NA PlanApo for both) objective, and imaged with an ORCA CCD camera (Hamamatsu) using ImagePro v4.1 and VayTek v6.2 software. Exposure times were chosen to fill the 12-bit dynamic range without saturation, and out-of-focus light was removed with a constrained iterative deconvolution algorithm (VayTek).
To quantify the fluorescently tagged proteins, images of nematodes were captured by CCD as above using a constant gain and exposure time (filling the 12-bit dynamic range) for all samples. Cluster outlines were calculated for fluorescent signals that were two standard deviations above the unlocalized baseline using a macro written for ImagePro. Cluster size was measured as the maximum radius for each outlined cluster. Cluster number was calculated by counting the average number of clusters per 10 µm of dendrite length.
Behavioral assays
Nose touch sensory responses were assayed as previously described (Hart et al., 1995) . Each animal was tested on food for reversal of locomotion after a forward collision with a hair. Each animal was tested ten times, and 20 or more animals were tested for each genotype.
Immunoprecipitations
Transfection constructs were generated by introducing sequences encoding the HA epitope after the predicted glr-1 leader sequences, and sequences encoding the FLAG epitope after the predicted glr-2 leader sequences. Both full-length and tailless versions of tagged receptors were generated, and the resulting chimeras were placed into pIRES-GFP and pIRESmRFP (gifts from B. Firestein, Rutgers University, Piscataway, NJ), plasmids containing the CMV promoter and bicistronic GFP and mRFP under the control of an IRES. COS7 cells were cultured as described previously (Firestein et al., 1999) and transiently transfected with Lipofectamine Plus (Invitrogen). Typically, 2.5 µg of each plasmid was transfected, with a 1:1 GLR-1 and GLR-2 ratio. Transfection efficiencies were usually 30-45% as determined by GFP and mRFP expression. After 48 hours, transfected cells were lysed in 3 ml of RIPA (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium-deoxycholate, 0.1% SDS) with protease inhibitors (Roche) . After 1 hour shaking at 4 o C, lysates were cleared of debris, precleared with protein A-agarose (Sigma) and used for co-immunoprecipitation with either anti-HA conjugated protein A-agarose (Sigma) or anti-FLAG conjugated protein-A agarose (Sigma). Pre-immune antibody (Upstate) was added and incubated with the lysates and protein-A agarose for the control. Beads were washed in RIPA, and bound proteins were eluted in SDS loading buffer and analyzed by SDS-PAGE. Precipitated proteins were detected by western blotting using monoclonal or polyclonal anti-HA and anti-FLAG primary antibodies (Sigma), HRP-conjugated secondary antibodies (Amersham) and ECL reagents (Amersham).
Results
Subunit interactions can mediate localization
GLR-1 and GLR-2 possess carboxy-terminal sequences similar in length and sequence to each other and to the mammalian receptors. Therefore, we wanted to examine the contribution of the cytosolic tail sequences of GLR-1 and GLR-2 to their synaptic localization by expressing subunits that lacked these cytosolic tail sequences. We reasoned that these tailless receptors would be incorporated into channels given that recent work has shown that functional heteromeric channel assembly does not require the tail sequences after transmembrane domain IV of the receptor subunit (Ayalon and Stern-Bach, 2001; Leuschner and Hoch, 1999) . To test the localization of tailless receptors, we generated a transgene, glr-1(tailless)::gfp, that expresses a GLR-1::GFP protein lacking glr-1 and glr-2 double deletion, (E) glr-1 deletion, and (F) glr-2 deletion. In (E) and (F), endogenous full-length GLR-2 and GLR-1, respectively, can bring the tailless GLR-1::GFP to the synapse. By contrast, there is no synaptic localization along the ventral nerve cord for (C) GLR-1(tailless)::GFP alone without the endogenous GLR-1 and GLR-2. Bar, is 5 µm. (G) The mean number of clusters per 10 µm of ventral cord length, and (H) the mean cluster size is plotted for the given genotype. 'GLR-1' indicates the presence of the glr-1::gfp transgene, whereas 'GLR-1T' indicates the presence of the glr-1(tailless)::gfp transgene. Error bars are s.e.m. for all graphs. **P<0.01 compared with GLR-1::GFP in wild type by ANOVA/Dunnett's multiple comparison test. n=20 animals for each genotype. the 87 amino acid cytosolic tail sequences (Fig. 1, top) . We first introduced the glr-1(tailless)::gfp transgene into wild-type nematodes and found that GLR-1(tailless)::GFP protein was localized to ventral cord clusters (Fig. 1A) , similar to fulllength GLR-1::GFP (Fig. 1B) . These results could suggest either that the GLR-1 tail sequences are dispensable for localization, or that GLR-1(tailless)::GFP becomes localized by its interaction with endogenous subunits. To test these two hypotheses, we introduced the glr-1(tailless)::gfp transgene into deletion mutants that lacked the endogenous subunits. In glr-1 glr-2 double-deletion mutants, GLR-1(tailless)::GFP was distributed uniformly throughout the dendrites (Fig. 1C ) with few punctate clusters (Fig. 1G) , indicating that the localization pattern of GLR-1(tailless)::GFP in wild-type animals is through interactions with endogenous receptor subunits. We do not believe that the increase in unlocalized receptor was due to changes in expression pattern as we detected no such changes based on cell body identifications (data not shown); rather, we believe it was due to the distribution of GFP-tagged receptor throughout the dendrite, which would otherwise be concentrated at clusters in a wild-type animal. We also generated a full-length glr-1::gfp transgene in which the tail sequences are restored, introducing it into glr-1 glr-2 double mutants ( Fig. 1D ). We found that GLR-1::GFP was similarly localized in both glr-1 glr-2 double mutants and in wild type. Thus, our data suggests that when GLR-1 is the only subunit available, it is capable of self-association to form homotetramers, which in turn become localized to clusters along dendrites. Moreover, the GLR-1 tail sequences are essential for the localization of GLR-1 homotetrameric channels.
We also tested for the contribution of individual endogenous GLR-1 and GLR-2 subunits by examining GLR-1(tailless)::GFP localization in single subunit deletion animals. In a glr-1 deletion mutant, GLR-1(tailless)::GFP was localized, suggesting that endogenous GLR-2 can form a heteromeric complex with GLR-1(tailless)::GFP, and facilitate GLR-1 (tailless)::GFP localization in the ventral nerve cord (Fig. 1E) . In a glr-2 deletion mutant, GLR-1(tailless)::GFP was also localized (Fig. 1F) , suggesting that clusters of receptor along the ventral nerve cord contain homomeric GLR-1 receptor complexes comprising endogenous GLR-1 and GLR-1(tailless)::GFP. Furthermore, GLR-1(tailless)::GFP clusters in these mutants were similar in number and size to GLR-1::GFP clusters (Fig. 1G,H ). Taken together, these results show that GLR-1(tailless)::GFP can become localized to ventral cord clusters if an endogenous copy of GLR-1 or GLR-2 is present, but cannot become localized when expressed in the absence of endogenous subunits. Hence, either endogenous GLR-1 or GLR-2 tail sequences can convey receptor localization through heteromeric subunit interactions.
To examine GLR-2 localization, we generated a transgene, glr-2::yfp, that expresses a GLR-2::YFP chimeric protein under the control of the glr-2 promoter (Fig. 2, top) . Because the expression level of GLR-2 by its own promoter is relatively low (our unpublished work), we had difficulty detecting cluster formation along the ventral nerve cord. Therefore, we only scored GLR-2 localization to synapses proximal to the cell body and along the nerve ring, where localized GLR-2::YFP could be easily detected in a wild-type genetic background. We found that GLR-2::YFP was localized to clusters when both endogenous subunits were present ( Fig. 2B ) (Mellem et al., 2002) . To examine the contribution of the cytosolic tail sequences of GLR-2 to its localization, we generated a transgene, glr-2(tailless)::gfp, that
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expresses a GLR-2::GFP that lacks the 59 amino acid cytosolic tail sequences. We introduced the glr-2(tailless)::gfp transgene into wild-type nematodes, and found that GLR-2(tailless):YFP protein was localized ( Fig. 2A) , similar to full-length GLR-2::YFP (Fig. 2B) . We also introduced the glr-2(tailless)::gfp transgene into deletion mutants that lacked both glr-1 and glr-2 subunits. In glr-1 glr-2 double mutants, GLR-2(tailless)::GFP was present at low levels, and only in the neuron cell body (Fig. 2C) . By contrast, we detected the localization of full-length GLR-2::YFP receptor in a glr-1 glr-2 double deletion mutant (Fig.  2D ). Taken together, these results show that GLR-2(tailless)::GFP can become localized if an endogenous copy of GLR-1 or GLR-2 is present, but cannot be transported out of the cell body when expressed in the absence of both endogenous subunits. Moreover, GLR-2(tailless)::GFP abundance is reduced in the absence of the endogenous subunits, suggesting that it might be unstable ( Fig. 2C ). By contrast, full-length GLR-2::YFP is localized in the absence of endogenous subunits ( Fig. 2D) , suggesting that the GLR-2 cytosolic tail sequences are crucial for the export and localization of GLR-2 homotetrameric channels. Our cell biological observations suggested that GLR-1 and GLR-2 form a complex in vivo. Therefore, we tested whether GLR-1 and GLR-2 could form a complex in vitro by generating plasmids that express GLR-1 tagged with HA and GLR-2 tagged with FLAG (tags were placed in the extracellular domain of both proteins), both under the CMV promoter. We cotransfected HA::GLR-1 and FLAG::GLR-2 into COS7 cells, and solubilized the membranes of the cells with RIPA buffer after 48 hours. We immunoprecipitated protein complexes with antisera to HA, and detected both HA::GLR-1 and FLAG::GLR-2 (Fig. 3A) . As a control, we found that no coimmunoprecipitation occurred when we used preimmune serum. Similarly, we immunoprecipitated with antisera to FLAG and detected HA::GLR-1.
We also generated tailless versions of our HA::GLR-1 and FLAG::GLR-2 plasmids. We cotransfected HA::GLR-1 with FLAG::GLR-2(tailless) into COS7 cells, and found that we could co-immunoprecipitate HA::GLR-1 and FLAG::GLR-2(tailless) (Fig. 3B) . We also cotransfected HA::GLR-1(tailless) with FLAG::GLR-2, and found that we could coimmunoprecipitate these proteins (Fig. 3C) . In both cases, no co-immunoprecipitation occurred when we used preimmune serum. Moreover, we could co-immunoprecipitate the corresponding partner regardless of whether we directly pulled down HA::GLR-1 with antisera to HA, or FLAG::GLR-2 with antisera to FLAG. Thus, GLR-1 and GLR-2 protein can form a complex, even when lacking their tails sequences.
Although GLR-1(tailless)::GFP subunits can form complexes with GLR-2, and are localized to ventral cord clusters if an endogenous copy of GLR-2 is present, it is possible that these subunits are not at the membrane surface. If this were the case, we would expect GLR-1(tailless) to have diminished function. GLR-1 mediates nose-touch sensation in interneurons by receiving glutamatergic signals from mechanosensory neurons (Hart et al., 1995; Kaplan and Horvitz, 1993) . Null mutants for glr-1 are nose-touch insensitive, and exogenous GLR-1 can rescue this phenotype. We introduced either glr-1::gfp or glr-1(tailless)::gfp into glr-1 mutants, and measured their response to nose-touch. We found that both transgenes robustly rescued nose-touch sensation to near wild-type levels (Fig. 3D) , suggesting that GLR-1(tailless)::GFP subunits assemble into functioning channels on sensory neuron-to-interneuron synaptic membranes.
Previous work indicates that GLR-1 and GLR-2 function together to mediate nose-touch sensation as null mutants for glr-2 are partially but not completely nose-touch insensitive (Mellem et al., 2002) . Moreover, GLR-1::CFP and GLR-2::YFP subunits colocalize to clusters in the C. elegans neuropil (Fig. 4E-J) . To test whether GLR-2(tailless)::GFP can function in nose-touch sensation, we introduced either glr-2::gfp or glr-2(tailless)::gfp into glr-2 mutants. We found that both transgenes rescued nose-touch sensation to wild-type levels (Fig. 3E) , suggesting that GLR-2(tailless)::GFP subunits assemble into functioning channels on sensory neuron-tointerneuron synaptic membranes.
GLR-2 cytosolic tail sequences are sufficient for synaptic localization Although our results suggested that the GLR-1 and GLR-2 cytosolic tail sequences are important for localization, we wanted to test the contribution of the subunit tail sequences separately without the influence of receptor complex formation. We engineered a transgene, tmgfp, that expresses the signal sequence and transmembrane domain from the embryonic protein PES-10 fused to GFP and under the control of the glr-1 promoter (Seydoux and Fire, 1994) . We also generated versions of the tmgfp transgene that contain sequences encoding either the glr-1or glr-2 cytosolic tail, (called tmgfp::glr-1(tail) and tmgfp::glr-2(tail), respectively; Fig. 4, top) . We introduced these transgenes into wild-type nematodes and observed the localization of their fluorescent products. TMGFP protein alone failed to become localized and was distributed diffusely throughout the ventral nerve cord (Fig. 4B) . Similarly, TMGFP::GLR-1(tail) was also diffusely distributed throughout the ventral nerve cord (Fig. 4C) , suggesting that even though GLR-1 cytosolic tail sequences are necessary for GLR-1 homomeric channel localization, they are not sufficient to localize a heterologous membrane protein. Interestingly, we found that the TMGFP::GLR-2(tail) was localized to clusters along the ventral cord (Fig. 4D) . The number of TMGFP::GLR-2(tail) clusters was about twofold lower than the number observed for full-length GLR-1::GFP (Fig. 4T) . Thus, the GLR-2 cytosolic tail sequences are sufficient to direct the localization of a heterologous membrane protein, at least to a subset of clusters.
To determine whether the TMGFP::GLR-2(tail) clusters were at synapses, we examined the colocalization of TMYFP::GLR-2(tail), which contains YFP instead of GFP, and synaptic vesicle protein synaptobrevin (SNB-1) fused to CFP (SNB-1::CFP). The C. elegans ventral cord forms neuronal synapses between parallel fibers in an 'en passant' fashion, and synaptic vesicles can be detected in presynaptic boutons that are found adjacent to the corresponding postsynaptic element of the same synapse (White et al., 1986) . In previous work, snb-1::cfp expressed under control of mec-3 promoter labeled a small number of presynaptic boutons from PVD that innervate GLR-1-expressing neurites just posterior to the vulva (Fig. 4K-M) (Nonet et al., 1998; Rongo et al., 1998) . Approximately 60% of PVD presynaptic boutons innervate GLR-1-expressing neurites (White et al., 1986) . As a wild-type control to measure the number of presynaptic boutons from PVD that contain an adjacent postsynaptic GLR-1 cluster, we also used a full-length glr-1::yfp transgene. We
Journal of Cell Science 118 (9) introduced full-length glr-1::yfp and snb-1::cfp into wild-type nematodes, and captured double-labeled images of GLR-1::YFP and SNB-1::CFP clusters. The images were merged and clusters were defined to be colocalized if they were found to be within 2 µm distance. We found that 51% of SNB-1::CFP-labeled boutons had an adjacent GLR-1::YFP cluster within 2 µm distance (Fig. 4M) . We next generated a variant of tmgfp::glr-2(tail) that contains YFP instead of GFP. We introduced the tmyfp::glr-2(tail) and snb-1::cfp transgenes into nematodes, and found that 28% of the SNB-1::CFP-labeled boutons were adjacent to TMYFP::GLR-2(tail) clusters (Fig.  4P,S) . We believe that the probable explanation for the twofold decrease in the number of synaptically localized clusters observed between GLR-1::GFP and TMGFP::GLR-2(tail) is the twofold decrease in the total TMGFP::GLR-2(tail) clusters relative to GLR-1::GFP (Fig. 4T) . Our results suggest that the GLR-2 cytosolic sequences contain information sufficient to direct localization to at least a subset of synapses.
The PDZ-binding motif cooperates with additional sequences to mediate GLR-2 localization The interaction of PDZ domain proteins with the PDZ-binding motif found in receptor cytosolic tail sequences is thought to play a role in receptor localization (Garner et al., 2000) . PDZbinding motifs are usually found at the last three amino acids of the carboxy-terminus of a peptide, and they can match a number of different consensus types (Bezprozvanny and Maximov, 2001 ). We therefore reasoned that the carboxyterminal amino acids in GLR-2 (i.e. TLF), which match the type-I PDZ consensus, might mediate receptor localization. To test this idea, we made a transgene, tmgfp::glr-2(tlf→ale), in which we substituted alanine and glutamate for the -2 and 0 residues of the TMGFP::GLR-2(tail) protein. These substitutions have been used previously to impair type-I PDZ ligands (Zito et al., 1997) . We introduced the transgene into wild-type nematodes, and we found that TMGFP::GLR-2(TLF→ALE) protein was localized to a similar number of clusters, but smaller in size when compared with TMGFP::GLR-2(tail) protein localization (Fig. 5B,E,F) . Currently, only one known PDZ domain protein, LIN-10, has been shown to regulate glutamate receptor localization in C. elegans (Rongo et al., 1998) . In lin-10 mutants, GLR-1 is not properly localized to clusters in the ventral cord, but instead appears to be uniformly distributed. To test whether the GLR-2 tail sequences are dependent on LIN-10 for localization, we introduced the tmgfp::glr-2(tail) transgene into lin-10(n1508) null mutants (Whitfield et al., 1999) . Interestingly, the TMGFP::GLR-2(tail) protein was localized to a similar number of clusters in lin-10 mutants, but smaller in size (Fig.  5C,E,F) . As the lin-10 mutant and the TLF-to-ALE substitution in the GLR-2 tail sequences both gave only a partial effect in reducing cluster size, we also tested whether LIN-10 and the PDZ recognition motif might have a compensatory effect for one another in localization. We introduced the tmgfp::glr-2(tlf→ale) transgene into lin-10(n1508) null mutants, where we observed that the synaptic localization of TMGFP::GLR-2(TLF→ALE) protein was nearly abolished (Fig. 5D,E,F) . Taken together, these results suggest that the GLR-2 tail sequences are localized at the synapse by potentially two compensatory mechanisms: first, by the interaction of an unknown PDZ protein with the TLF motif, and second, by a non-PDZ-binding motif mechanism that nevertheless requires LIN-10.
Tail sequence motifs conserved between nematodes and vertebrates
Our results suggested that the cytosolic tail sequences of C. elegans glutamate receptors contain complex information that is required to direct their localization. We were interested in how these sequences are conserved evolutionarily, since the conservation of amino acids between distantly related species provides an indication of the sequence importance. First, we examined the sequence conservation of GLR-1 and GLR-2 tails between nematode species. Expressed sequence tags (ESTs) and genomic sequence for GLR-1 and GLR-2 orthologs were present in C. briggsae and C. remanei, and the tail sequences appeared to be well-conserved within Caenorhabditis (83 of the 87 amino acids in the GLR-1 tail were identical among all three orthologs, whereas 53 of the 59 amino acids in the GLR-2 tail were identical among all three orthologs) (Fig. 6A,B) . Partial ESTs for GLR-1 orthologs, but not GLR-2, have been identified in the ongoing sequence projects for Strongyloides stercoralis and Ascaris suum. These intestinal parasitic nematodes belong to orders that are thought to have diverged from Rhabditida, the order containing C. elegans, more than 400 million years ago (Riddle, 1997) . The S. stercoralis and A. suum GLR-1 tails are 48% identical (77% similar) and 44% identical (77% similar) to C. elegans GLR-1, respectively. Multiple alignment provided a more stringent comparison, showing that the tail sequences of nematode GLR-1 contain several stretches of amino acids that comprise a core element that is presumably required for normal GLR-1 tail sequence function (Fig. 6A,B) .
We next wanted to determine whether there are conserved motifs that are shared between nematodes and vertebrates. We generated multiple tail sequence alignments (Fig. 7) for AMPAR subunits with long tail sequences (GluR1, R2L, R4), AMPAR subunits with short tail sequences (GluR2, R3, 4S), and kainate subunits (GluR5, R6, R7, KA-1, KA-2). We then used the consensus from these alignments to seed a multiple alignment with GLR-1 and GLR-2 from C. elegans ( Fig. 6C ; rat subunits are shown as vertebrate representatives). All non-NMDA receptors contain a conserved motif of 12 amino acids immediately following the last transmembrane domain, and GLR-1 and GLR-2 both contain this motif. GluR1 is phosphorylated by protein kinase A (PKA) at amino acid 845, and a conserved motif surrounding the phosphorylation site could be identified in GluR1, R2L, R4, and GLR-1 (Ehlers, Journal of Cell Science 118 (9) .) ), aligned by CLUSTALW. This sequence corresponds to amino acids 876-962 of C.e. GLR-1. Black boxes indicate identities present in the majority of sequences. Gray boxes indicate similarities present in the majority of sequences. Lines above the sequence demarcate the conserved sequence motifs identified in D and E. The S.s. GLR-1 sequence is derived from a partial EST, and therefore lacks the final 3′ residues. (B) The predicted amino acids of three nematode GLR-2 tail sequences, aligned by CLUSTALW. These sequences correspond to amino acids 919-977 of C.e. GLR-2, and are labeled as in A. (C) The predicted amino acid sequence of three rat long tail AMPAR subunits (R1, R2L, R4), three rat short tail AMPARs (R4S, R3, R2), and GLR-1 and GLR-2, aligned by CLUSTALW and JalView v1.8 Multiple Alignment Editor. Gray boxes indicate identities and similarities present in three or more sequences. (D) The predicted sequence of rat and C.e. GluRs, emphasizing the indicated sequence motif. For the PKA motif, the underlined residue in GluR1 indicates the phosphorylated serine. For the regulated endocytosis motif, the underlined residues in GluR2 indicate the phosphorylated serine and tyrosines. (E) The predicted PDZ ligands for various rat GluRs aligned with GLR-1 and GLR-2. The type of PDZ ligand (I versus II) and its corresponding consensus is shown. 'φ' indicates any hydrophobic residue.
2000; Esteban et al., 2003; Lee et al., 2000; Lee et al., 2003; Roche et al., 1996) (Fig. 6D ). GluR2 is phosphorylated by tyrosine kinases, leading to its regulated endocytosis, and a conserved motif surrounding the tyrosines could be identified in GluR2, R3, R4S, and GLR-1 (Ahmadian et al., 2004; Hayashi and Huganir, 2004) (Fig. 6D) . A stretch of GluR2 residues known to bind NSF could be observed in R3, R4S and GLR-1 (Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998) (Fig. 6D) . Aside from the conserved motif found in all non-NMDA tail sequences, we could find no conserved motifs between the GLR-1 tail and the kainate receptor tails. The motifs revealed in GLR-1 were not as clearly obvious in the GLR-2 tail; however, we could identify a bipartite motif of unknown function that was conserved between GLR-2 and GluR6 (Fig. 6D) . Finally, both GLR-1 and GLR-2 tails ended in a type-I PDZ ligand, similar to that found at the end of GluR1 (Fig. 6E) . Taken together, our findings suggest that the GLR-1 tail (and to a lesser extent, the GLR-2 tail) contain sequence motifs found in both the vertebrate short and long tail AMPARs.
Discussion
We examined the GLR-1 and GLR-2 subunit tail sequences and their importance for AMPA receptor synaptic localization in either heterologous fusion proteins or in the background of heterotetrameric receptor complexes. We found that the GLR-2 tail sequence is sufficient for synaptic localization when placed into a heterologous fusion protein. In the absence of their cytosolic tail sequences, GLR-1 and GLR-2 can be localized through interactions with endogenous subunits. By contrast, both the GLR-1 and the GLR-2 cytosolic sequences are The predicted amino acid sequences of five vertebrate GluR2, eight vertebrate GluR3 and a rat GluR4 (short tail isoform) tail sequences, aligned by CLUSTALW. (C) The predicted amino acid sequences of rat GluR5-1, GluR6 and GluR7 kainate receptors, aligned by CLUSTALW. (D) The predicted amino acid sequences of rat, mouse, and human KA-1 and KA-2 kainate receptors, aligned by CLUSTALW. For all alignments, the majority consensus sequence is highlighted in black. Similarities are highlighted with gray. Lines above a sequence demarcate the conserved sequence motifs identified in Fig. 6D ,E. essential in the absence of endogenous subunits. Our results suggest that GLR-1 and GLR-2 are heterotetrameric complex partners in C. elegans. Furthermore, our results also indicate that both the PDZ-binding motifs found at the ends of the GLR-1 and GLR-2 cytosolic tail sequences, and sequences outside of the PDZ-binding motifs, work together to facilitate localization.
Subunit association can facilitate localization GLR-1 and GLR-2 are expressed in overlapping sets of interneurons that regulate locomotion, where they function to mediate nose-touch mechanosensation signaling (Brockie et al., 2001) . Mutants for glr-1 are strongly defective for nosetouch sensation, whereas deletion mutants for glr-2 are only partially defective for nose-touch sensation (Hart et al., 1995; Mellem et al., 2002) . Glutamate-activated currents, which are rapidly desensitizing and non-NMDA dependent, have been recorded from one of these interneurons, called AVA (Mellem et al., 2002) . In glr-1 mutants, essentially all of this current is eliminated, whereas in glr-2 mutants there is a GLR-1-dependent residual current. Presumably the residual GLR-1-dependent current observed in glr-2 mutants is sufficient to mediate the partial response to nose-touch observed in these mutants. These findings suggest that GLR-1 alone can form functional glutamate-dependent channels in the absence of GLR-2 subunits, which is consistent with our findings that GLR-1 can be localized to synapses in the absence of GLR-2. Interestingly, the glutamate-dependent current is absent in glr-1 mutants, which presumably contain channels composed only of GLR-2 subunits (Mellem et al., 2002) . We found that GLR-2 can be localized in the absence of GLR-1 subunits. Taken together, these findings would suggest that GLR-2 can assemble into homomeric channels and be localized to synapses, but that these channels cannot open in response to glutamate (at least in AVA) nor mediate even a partial nosetouch response.
Of the different glutamate receptor subunits found in C. elegans, only GLR-1 and GLR-2 are clear matches with AMPA-type by sequence identity (Brockie et al., 2001) . GLR-3 to GLR-7 are equally similar to AMPA and kainate receptors, making their classification difficult. Thus, sequence identity at first approximation would suggest that only GLR-1 and GLR-2 can assemble into channels. Consistent with this hypothesis, mutations in glr-1 and glr-2 together can completely eliminate glutamate-gated current in the neuron AVA (Mellem et al., 2002) . The subunits for GLR-4 and GLR-5 are present in AVA, yet seem to make little, if any, contribution to current. Although we currently do not know whether GLR-1 and GLR-2 form homomeric channels in wild-type animals, it seems likely that they do as GLR-1 is expressed in some neurons that lack GLR-2 (e.g. SMD, URY), and GLR-2 is expressed in some neurons that lack GLR-1 (e.g. RIA, AIA, AIB) (Brockie et al., 2001 ).
Tail sequences are crucial for localization Previous work has shown that the specific subunit composition of mammalian AMPARs is important in regulating receptor synaptic localization (Hayashi et al., 2000; Passafaro et al., 2001; Shi et al., 2001; Shi et al., 1999) . Localization of these heteromeric channels depends on their carboxy-terminal tail sequences (Cai et al., 2002; Dong et al., 1997; Leonard et al., 1998; Sans et al., 2001; Song et al., 1998; Srivastava et al., 1998; Wyszynski et al., 1999; Xia et al., 1999) . Both GLR-1 and GLR-2 subunit tail sequences are important for synaptic localization in C. elegans neurons (Fig. 8) , which suggests that C. elegans neurons might not designate specific receptor compositions for activity-dependent delivery as observed in mammalian neurons. Of course, we cannot rule out that there might be differential regulation of the receptors for synaptic localization when nematodes are presented with different environmental stimuli.
We found that the GLR-2 tail sequences are sufficient to direct the localization of a single-pass transmembrane domain. This result suggests that the cytosolic tail does not necessarily have to be in a multi-pass transmembrane protein as a requirement for its function. Moreover, it suggests that multiple cytosolic tails for a single channel are not needed for that channel's localization, as might be predicted in a model where localization is mediated by multivalent scaffolding molecules that cluster channels together like logs in a wooden raft. Surprisingly, the GLR-1 tail sequences are not sufficient to direct the localization of a single-pass transmembrane protein. Nevertheless, our results indicate that the GLR-1 tail sequences are important for localization as homomeric GLR-1 channels that lack these sequences fail to become localized. One explanation could be that the PES-10 heterologous protein might not be the ideal context in which Journal of Cell Science 118 (9) Fig. 8 . A model for GLR-1/GLR-2 subunit association and localization. GLR-1 and GLR-2 subunits are represented by black and gray half-pentagons, respectively. Their carboxy-terminal tail sequences are shown as rectangles projecting into the cytosol. An as yet unknown PDZ-domain protein and LIN-10, which facilitate channel localization, are shown as half-circles and trapezoids, respectively. GLR-1 and GLR-2 can form homomeric channels or heteromeric channels, and the presence one or more carboxyterminal tail sequences per channel can allow for channel localization. Both the PDZ-binding motif and sequences outside of this motif are required for efficient localization, suggesting that an unknown PDZ domain protein and perhaps LIN-10 might cooperate to localize these channels. Channels that lack the tail sequences cannot interact with these proteins, and therefore fail to become localized.
to place the GLR-1 tail sequences. Alternatively, the GLR-1 tail might simply be necessary but not sufficient for localization, and thus other GLR-1 sequences could have an important role.
The PDZ-binding motif at the carboxy-terminus of GLR-2, while not required in the TMGFP::GLR-2(tail) heterologous reporter for its localization, was needed to enhance the cluster size of the heterologous reporter. A similar observation in mammals indicated that the PDZ-binding motif of GluR2 is not required for synaptic targeting of AMPARs, but is required for complete accumulation and stabilization of the receptors (Osten et al., 2000) . Interestingly, mutations in lin-10 combined with mutations in the PDZ-binding motif nearly abolished the localization of the TMGFP::GLR-2(tail) reporter. Previous results indicated that mutations in lin-10 result in two phenotypes: apparent uniform distribution of GLR-1 and increased levels of GLR-1. These dual phenotypes suggest that LIN-10 positively regulates GLR-1 localization, but negatively regulates GLR-1 levels either directly or indirectly (Rongo et al., 1998) . By contrast, mutations in lin-10 result in weakened localization of TMGFP::GLR-2(tail) but do not result in increased levels of TMGFP::GLR-2(tail). Interestingly, GLR-1 tail sequences contain several critical lysines that can be ubiquitinated, resulting in the turnover of GLR-1-containing channels (Burbea et al., 2002) . TMGFP::GLR-2(tail) does not have sequences similar to the GLR-1 residues that mediate GLR-1 turnover. Perhaps this explains why TMGFP::GLR-2(tail) does not accumulate in a lin-10.
Conservation of the tail sequences between C. elegans and vertebrates
Our results also indicate that multiple factors are interacting with the cytosolic tail sequences of C. elegans AMPAR. This situation is similar to that of mammalian GluR2, in which its PDZ motif and NSF binding site are thought to mediate its localization . No doubt additional factors that interact with AMPAR tail sequences also contribute to regulating the localization of these receptors. Several motifs have already been identified in the rat GluR1 and GluR2 carboxy-terminal tail sequences. GluR1 contains a PKA phosphorylation site and a type-I PDZ-binding ligand thought to interact with SAP97 (Ehlers, 2000; Esteban et al., 2003; Lee et al., 2000; Lee et al., 2003; Roche et al., 1996) . GluR2 contains PKC and tyrosine kinase phosphorylation sites, and tyrosine phosphorylation appears to regulate GluR2 endocytosis in response to insulin and growth factor signaling (Ahmadian et al., 2004; Hayashi and Huganir, 2004) . GluR2 can also bind to NSF via a specific domain in the tail sequence (Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998) . Finally, GluR2 contains a type-II PDZ ligand thought to interact with the GRIP/ABP and PICK1 PDZ domain proteins (Dong et al., 1997; Srivastava et al., 1998; Wyszynski et al., 1999; Xia et al., 1999) . We can find motifs from both of these receptors in GLR-1, suggesting that R1 and R2 tails probably derived from a metazoan ancestral AMPAR that contained motifs common to both R1 and R2. The increasing complexity required by the vertebrate nervous system, including the requirement for different compositions of receptors that can be uniquely regulated by separate activity-dependent and -independent mechanisms, probably led to the divergence of these tail sequence motifs into disparate AMPAR subunits. Presumably, such divergence arose as the ancestral forms of GluR1 lost the motifs responsible for NSF-binding and regulated endocytosis, whereas the ancestral forms of GluR2 lost the PKA motif. Both proteins kept their PDZ ligand sequences, however, which could indicate that the PDZ ligand sequence and the motifs found outside this sequence function independently, and have therefore evolved independently. Consistent with this idea, we found that both the GLR-2 PDZ ligand, as well as sequences outside of this ligand, can function to localize GLR-2. We expect that future findings using these receptors will help determine whether the proteins that interact with these motifs have been conserved over time.
